The aim of the current study was to evaluate and to compare two representatives of different classes of adsorbents, intended for use as a feed additive to prevent or reduce adverse effects exerted by mycotoxins, specifically Ochratoxin A and Zearalenone. The adsorbents, an organically activated bentonite (OAB) and a humic acid polymer (HAP) were tested in a common in vitro model with a pH course comparing the maximum pH changes that can be expected in the digestive system of a monogastric animal, i.e. pH 7.4 for the oral cavity, pH 3.0 for the stomach, and pH 8.4 for the intestines. In the 1st experiment, the concentration-dependent adsorbent capacity of OAB and HAB were tested using a fixed concentration of either mycotoxin. Thereafter, adsorption was evaluated applying different isotherms models, such as Freundlich, Langmuir, Brunauer-Emmett-Teller (BET) and Redlich-Peterson, to characterize the adsorption process as being either homo-or heterogeneous, and represents either mono-or multilayer binding. At the recommended statutory level for the mycotoxins of 0.1 mg Kg-1 OTA and 0.5 mg Kg-1 ZEN, OAB showed an adsorbed capacity of >96% towards both mycotoxins, regardless of the pH. The HAP product was also able to absorb >96% of both mycotoxins at pH 3.0, but extensive desorption occurred at pH 8.4. Based on chisquare (Chi2) values, Langmuir and Redlich-Peterson equations proved to be the best models to predict monolayer equilibrium sorption of OTA and ZEN, onto the organically activated bentonite and the humic acid polymer. The applied methodology has a sufficient robustness to facilitate further comparative studies with different mycotoxins adsorbing agents. 
Abstract
The aim of the current study was to evaluate and to compare two representatives of different classes of adsorbents, intended for use as a feed additive to prevent or reduce adverse effects exerted by mycotoxins, specifically ochratoxin A (OTA) and zearalenone (ZEN). The adsorbents, an organically activated bentonite (OAB) and a humic acid polymer (HAP) were tested in a common in vitro model with a pH course comparing the maximum pH changes that can be expected in the digestive system of a monogastric animal, i.e. pH 7.4 for the oral cavity, pH 3.0 for the stomach, and pH 8.4
for the intestines. In the 1 st experiment, the concentration-dependent adsorbent capacity
of OAB and HAB were tested using a fixed concentration of either mycotoxin.
Thereafter, adsorption was evaluated applying different isotherms models, such as Freundlich, Langmuir, Brunauer-Emmett-Teller (BET) and Redlich-Peterson, to characterize the adsorption process as being either homo-or heterogeneous, and represents either mono-or multilayer binding. At the recommended statutory level for the mycotoxins of 0.1 mg kg -1 OTA and 0.5 mg kg -1 ZEN, OAB showed an adsorbed capacity of >96% towards both mycotoxins, regardless of the pH. The HAP product was also able to absorb >96% of both mycotoxins at pH 3.0, but extensive desorption occurred at pH 8.4. Based on chi-square (Chi 2 ) values, Langmuir and Redlich-Peterson equations proved to be the best models to predict monolayer equilibrium sorption of OTA and ZEN, onto the organically activated bentonite and the humic acid polymer.
The applied methodology has a sufficient robustness to facilitate further comparative studies with different mycotoxins adsorbing agents. 
Introduction
Several strategies have been applied to reduce adverse health effects of mycotoxins in farm animals and in special cases also in humans (for review see EFSA, 2009 ). The most widely used approach is the administration of the so-called mycotoxin adsorbents to animal feeds, aiming at the prevention of mycotoxin absorption in the gastrointestinal tract (Kabak et al., 2006) . The efficacy of such an approach depends on physical and chemical properties of both, the adsorbent and the mycotoxin. Total charge and charge distribution, the size of the pores and the accessible surface area of the adsorbent, and the polarity, solubility, shape and charge distribution of the mycotoxins targeted are major determinants of adsorption characteristics (Huwig et al., 2001 ).
Classes of substances that have been suggested as mycotoxin adsorbents include inorganic mineral clays and zeolites, as well as organic products such as yeast cell wall constituents, activated charcoal, humic acid polymers and micronized plant fibres (for review see Ramos et al., 1996; Galvano et al., 2001; Jouany et al., 2007; EFSA, 2009) .
Bentonite is widely present in animal feed production as an anti-caking agent. It is a clay mineral composed mainly of montmorillonite, belonging to the smectite group of silica clays (WHO, 2005) . The crystal structure of a montmorillonite is an octahedral alumina sheet layered between two tetrahedral silica sheets (Bailey, 1980) . Natural bentonites are amphoteric with a pH-dependent surface charge and the capacity to react specifically with cations, and to a lesser extent with anions and molecules forming chemical bonds (WHO, 2005 (Majdan et al., 2009 ). Subsequently, high molecular weight quaternary amines are often used to improve hydrophobicity of the montmorillonite, resulting in so-called organically activated bentonites, as used in the current experiment (Balek et al., 2002) .
The ability of such activated bentonites to bind diverse structures has been demonstrated in vitro with zearalenone (Bueno et al., 2005) , aflatoxin (Thieu et al., 2008) and ochratoxin A from wine (Kurtbay et al., 2008) .
Humic acid polymers (HAP) originate from natural decaying of organic plant materials. They are present in soils, sediments, peat, and brown cools. The natural occurring humic acid polymers contain different reactive moieties, such as hydroxyl, phenol, carboxyl and methoxyl groups, and have a large specific surface area (Sutton and Sposito, 2005) . Although humic acid polymers are chemically diverse and differ in molecular size, they are all hydrophilic, reversible colloids composed of 300 to 10,000 units. They can form hydrophobic (van der Waals, π-π, CH-π) and hydrogen bonds, the former becoming more relevant with increasing pH (Piccolo, 2002) . The capacity of humic substances to sequester zearalenone in vitro (Sabater-Vilar et al., 2007) (Sabater-Vilar et al., 2007) , 2.5 g kg -1 (Kocabagli et al., 2002) , and 4 g kg -1 feed (Thieu et al., 2008) . A regularly used tool to define the optimal concentration and absorbent capacity of different substances are in vitro assays conducted in buffer solutions with or without feed materials and enzymes (Avantaggiato et al., 2007) . Originally, in vitro tests have been performed at a defined pH, sometimes (Kurtbay et al., 2008) , but more often at a neutral pH (Cavret et al., 2010) .
However, the binding affinity of a polar substance is influenced by pH, and therefore it is recommended to measure adsorbent characteristics under the conditions of the gastrointestinal tract at neutral, acid and basic pH (Sabater-Vilar et al., 2007) .
Previously, it has been shown that adsorption of zearalenone and aflatoxin B 1 by mineral clays and humic acid polymers, respectively, is pH dependent (Dakovic et al., 2007; Ye et al., 2009) , and that the transition to alkaline conditions may lead to desorption.
Next to single concentration experiments, the evaluation of adsorption isotherms have been recommended to characterize mycotoxin adsorption (Ringot et al., 2007; EFSA, 2009) , considering that under defined condition an adsorption equilibrium is reached at which the quantity of the toxin being adsorbed is equal to the quantity being desorbed. Several theoretical adsorption models have been developed to describe such isotherms, among others by Freundlich (Freundlich, 1906) , Langmuir (Langmuir, 1916) , Brunauer-Emmett-Teller (BET) (Brunauer et al., 1938) , and Redlich-Peterson (Redlich and Peterson, 1958) , considering homogeneity, as well as monolayer and multilayer adsorption. Such isotherms analyses allow to (i) identify the best fitted isotherm model, (ii) predict adsorption capacity of a mycotoxin onto an specific adsorbent, and (iii) recognize each adsorbent capacity as homo-or heterogeneous, or as mono-or multilayer binding.
Ochratoxin A (OTA) and zearalenone (ZEN) are two mycotoxins that are frequently occurring in animal feeds in Northern Europe, being of concern in the diets for pigs (EFSA, 2004a,b) . OTA, a nephrotoxic and immunosuppressive agent in animals, consists of a dihydroisocoumarin moiety linked to l-phenylalanine through an amide bond (Fig. 1A ). It has a carboxyl group at the phenylalanine moiety and a phenol (Ringot et al., 2005) . Being a polyaromatic molecule, OTA is hydrophobic (log P OW =4.4) when unionized (Dakovic et al., 2005) . ZEN is a resorcyclic acid lactone, and is a hydrophobic compound (log P OW = 3.66) (Lemke et al., 1998) . It is a weak acid due to the presence of the diphenolic moiety and has a pKa of 7.62 (Fig. 1B) . The structure of ZEN is flexible enough to bind to oestrogen receptors in animals, leading to hyperoestrogenicity and adverse effects on fertility and reproduction particularly in pigs (Zinedine et al., 2007) . OTA and ZEN were selected as model mycotoxins for the current study due to their very different structure and physic-chemical properties and in consideration of their relevance in pig husbandry as for both mycotoxins, pigs are considered to be the most sensitive animal species (EFSA, 2004a,b) .
Hence, the aim of the present study was to evaluate and compare two chemically different sorbents, an organically activated bentonite and a humic acid polymer, regarding their capacity to bind mycotoxins under different conditions. To this end, adsorbent concentration dependence, adsorption pH dependence, and mycotoxin desorption were analysed. Modelling of mycotoxin adsorption was performed to characterize OTA and ZEN adsorption at neutral, acidic and basic pH and to evaluate the robustness of this model for forthcoming assessments of new mycotoxin adsorbents.
Materials and Methods

Mycotoxins and adsorbents
OTA and ZEN were obtained from Sigma (Saint Louis, MI, USA 
Single concentration experiments: effects of adsorbent concentration and pH on adsorption capacity
Either OTA or ZEN were added to the buffer solution at a fixed concentration of 0.1 or 0.5 µg mL -1 , respectively following the guidance levels as defined in and the residual mycotoxin concentration at equilibrium (µg mL -1 ), respectively.
Equilibrium adsorption isotherms
Based on the results of the experiment 1, a second series of experiments was performed to describe the interaction between OTA and ZEN and the two test products OAB and HAP. These equilibrium experiments were carried out by incubating using the same buffer solution, with or without addition of one of the adsorbents in the most 
Incubation protocol
For both experiments, incubations were performed in glass flasks containing 30 mL of the test solution with a pH gradient including pH 7.4, 3.0 and 8.4, following a procedure previously described by Sabater-Vilar et al. (2007) . In brief, a first incubation was performed at pH 7.4, at 39 o C for 30 min, in a water bath under constant stirring to allow solution equilibrium. After this first incubation, an aliquot was taken for analysis.
The pH of the remaining solution was decreased to 3.0 with HCl (1 M) and re-incubated for 1 hour to simulate the pH conditions during gastric passage of a monogastric animal.
Immediately at the end of incubation, a second aliquot was taken for analysis and the pH of the remaining solution was raised to 8.4 with NaOH (1 M) to simulate pH conditions during intestinal passage of a monogastric animal. This last incubation was performed for 3 hours and, at the end, a third aliquot was taken for analysis. All samples were separately filtered by using Minisart-GF filters (Sartorius, Gottingen, Germany), and subsequently stored in glass tubes at -20 o C until analysis.
Determination of binding capacity
The binding capacity was calculated from the recovery of the unbound mycotoxin fraction, measured by standard HPLC methods.
Ochratoxin A: The free (non-bound) concentration of OTA was quantified by a standard HPLC method using a Spherisorb ODS-2, stainless steel, 5 µm column (250x4.6mm; 
Isotherm models Adsorption equilibrium
The concentration of adsorbed mycotoxin (OTA or ZEN) was calculated according to equation below (Ringot et al., 2007) :
where Q eq is concentration of adsorbed mycotoxin per gram of adsorbent (mg g -1 ), V is the volume of aqueous phase (L) and m is the mass of adsorbent (g).
Four different adsorption equilibrium models (Langmuir, Freundlich, BrunauerEmmett-Teller and Redlich-Peterson) were used to fit the experimental data, as presented in Table 1 . Non-linear regression was used to determine the parameters of each isotherm model (Origin, version 8.1). Figure 2 shows the results of the single concentration experiments in threedimensional diagrams, with pH 7.4 on the x-axis, pH 8.4 on the y-axis, and pH 3.0 on the z-axis, presenting the adsorbent capacity of both products, OAB ( Fig. 2A and 2C) and HAP ( Fig. 2B and 2D ) in different concentrations, to adsorb OTA (0.1 µg mL -1 ) ( Fig. 2A and 2B ) and ZEN (0.5 µg mL -1 ) (2C and 2D). Concentration-dependent absolute adsorption affinity between the individual adsorbents at different concentrations and at different pH conditions is presented in Table 2 .
Results and Discussion
Both adsorbents, OAB and HAP, presented similar adsorption capacity only at pH 3.0. At pH 7.4 and 8.4, OTA adsorption onto OAB was significantly higher when compared to HAP, with all tested concentrations of the adsorbent. There was no pH effect on the OTA adsorption capacity onto OAB. This can be explained by the fact that Whereas OAB showed to be an excellent OTA-adsorbent, regardless of pH, sequestering >96% of OTA at a minimum concentration of 2.0 mg mL -1 , OTA adsorption onto HAP, in all concentrations, was significantly higher at pH 3.0 (>96%) when compared to pH 7.4 (67%) and 8.4 (58%) ( Table 2 ). As the incubations at pH 3.0 were followed by incubations at pH 8.4, we suggest that desorption at alkaline pH is probably caused by repulsion, as both OTA and humic acid obtain a negative charge at an alkaline pH through their carboxyl and phenol groups.
There was no pH effect on ZEN adsorption onto OAB or HAP, although in presence of OAB it was slightly less efficient at 8.4, compared to pH 7.4 and 3.0. ZEN has a pKa of 7.62 (Lemke et al., 1998) , and will be found almost completely in its deprotonated form at pH 8.4. HAP only shows a >90% adsorption at pH 3.0. The negative charge of this compound developed at higher pH through its carboxyl and both adsorbents were used at concentrations of 4.0 and 5.0 mg mL -1 , no differences could be noted (Table 2) .
Evaluating the concentration-dependency of adsorption, it could be shown that for OAB a minimal concentration of 2.0 mg mL -1 is requested to adsorb >96% of OTA and ZEN, while HAP adsorbs >90% of ZEN and >60% of OTA at concentrations of 4.0 and 5.0 mg mL -1 , respectively (Table 2) . OTA adsorption onto HAP is increasing with the increase of the amount of the adsorbent added. Therefore, either adsorption affinity or capacity seems to be low. For ZEN adsorption, there was hardly any concentration dependent effect beyond a concentration of 4.0 mg mL -1 (Table 2) , allowing the assumption that binding affinity is relatively higher.
Based on the results of these single concentration experiments, the adsorbent concentration was set at 4.0 mg mL -1 for OAB and HAP, to perform the equilibrium studies in which increasing mycotoxins concentrations were used in the same model with three different pH conditions. To obtain the parameters and determine an optimal fit, non-linear equations were used instead of linear ones (Kumar, 2007) . Figures 3-6 show the isotherm graphs for each mycotoxin following adsorption onto OAB and HAP. Results show that, at pH 3.0, all equilibrium curves were linear, while at pH 7.4 and 8.4 equilibrium curves were non-linear. The correlation coefficient (r 2 ) value is often used to predict the best fit for linear equations (Ringot et al., 2007) . However, when applying non-linear models, fit of the isotherm should be evaluated using the Chi 2 parameter (Ho, 2004 values, for the adsorption of OTA to both adsorbents.
The Langmuir equation (Langmuir, 1916 ) is valid for monolayer sorption to a surface with a finite number of identical sites (Ringot et al., 2007) . For practically all adsorbent-adsorbate pairs the Langmuir model showed a good fit, at all pH conditions, but a large variation was observed in the maximum adsorption capacity. The affinity parameter K L showed a complementary variation, with lower values when maximum adsorption capacity q max was high, and higher values when q max was low. The small value of K L indicates that the adsorbate has a high affinity to the adsorbent (Arica et al., 2003) , suggesting that OAB exhibits affinity to both, ZEN and OTA.
The BET equation consists in a model for multilayer adsorption. The principal BET isotherm equation (Brunauer et al., 1938) has been developed for gas phase adsorptions. To apply such an equation in mycotoxin adsorption experiments, the BET equation is directly transferred to liquid phase adsorption by replacing saturation partial pressure of adsorbate in the gas phase by liquid phase concentrations (Ringot et al., 2007) . However, this approach is not entirely correct as the unlimited adsorption in the classical BET equation for the gas phase cannot be applied to liquid phase adsorptions (Ebadi et al., 2009 Henry's law, while at high concentrations it approaches the Freundlich model (Ho, 2006) . The Redlich-Peterson isotherm accurately described the adsorption behaviour observed for all mycotoxin-adsorbent pairs, and gave the best fit in general. The
Redlich-Isotherm parameters did not vary as much as the correspondently parameters of the Langmuir function. The Redlich-Peterson constant (g) was generally 1 (but 0.8 for OTA at pH 3.0 for both OAB and HAP, and 0.9 for ZEN/OAB, pH 3.0, respectively), which indicates that the function is reduced to the Langmuir isotherm equation.
Therefore, the Redlich-Petersen isotherm model can be recommended for further comparisons of mycotoxin-binding agents.
Mycotoxin adsorption by organically modified aluminosilicates has been studied previously (Lemke et al., 1998; Tomasevic-Canovic et al., 2003; Dakovic et al., 2005 Dakovic et al., , 2007 Feng et al., 2008 ). Feng et al. (2008 measured ZEN binding to montmorillonite and organically modified montmorillonite, and found a log K F of 2.3 and 3.7
respectively. Lemke et al. (1998) even found an increase of log K F from -0.5 to 4.9. The performance at pH 10 was much lower than at pH 2 or 6.5. Dakovic et al. (2003) and (Kurtbay et al., 2008) . The last authors showed that OTA adsorption onto non-modified bentonite was poor, while organically activated bentonite was effective to adsorb OTA, suggesting that the improved hydrophobicity by organic activation results in a broader application to mycotoxins that are less polar.
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Conclusions
In the present study, we characterized the adsorption of OTA and ZEN by an organically activated bentonite (OAB) in comparison with a humic acid polymer (HAP).
HAP has an increased OTA adsorption capacity at pH 3.0, but this adsorption is susceptible to alkaline pH, leading to a partial desorption of this mycotoxin at pH 8.4.
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